+ with the monoclonal antibody rituximab has dramatically improved the survival of B-cell non-Hodgkin lymphoma including chronic lymphocytic leukemia (CLL)/small lymphocytic lymphoma. Unfortunately, CLL remains incurable with chemoimmunotherapy, with many patients having refractory or relapsing disease after rituximab-containing therapy. Obinutuzumab (GA101) is a novel humanized Type II anti-CD20 monoclonal antibody that has been investigated and compared to rituximab. Here, we provide an overview of obinutuzumab, including its mechanisms of action, preclinical data, and Phase I to III clinical studies. Preclinical data illustrate obinutuzumab's higher potency compared to rituximab through antibody-dependent cellular cytotoxicity and direct cell death. Recently, the CLL11 study presented a significant benefit from obinutuzumab chemoimmunotherapy and supports its use for treatment-naive unfit CLL patients. Herein, we review that obinutuzumab is both a safe and effective alternative to rituximab.
Introduction
Chronic lymphocytic leukemia (CLL) is the most common lymphoproliferative disorder in the Western world and accounts for approximately 11% of all hematologic malignancies.
The initial development of the anti-CD20 monoclonal antibody (mAb) rituximab revolutionized the treatment of CD20 + lymphoproliferative disorders including most B-cell non-Hodgkin lymphomas (NHLs) and CLL. Early results of rituximab monotherapy in CLL revealed low response rates. 9 However, addition of rituximab to fludarabine plus cyclophosphamide significantly improved progression-free survival (PFS) and overall survival (OS) in young, fit, previously untreated CLL patients, establishing this as the gold standard chemotherapy for younger, fit CLL patients. 10 In elderly CLL patients with comorbidities, the addition of rituximab to chlorambucil also improved PFS and complete response (CR) rates compared to chlorambucil monotherapy but did not result in an OS advantage. 11 Despite the benefits of rituximab, all patients will eventually relapse after rituximabcontaining immunochemotherapy. 9, 12 As a result, great efforts have been made to develop superior therapeutic options.
Several emerging therapies are under investigation, including immunomodulatory agents (eg, lenalidomide), Bruton tyrosine kinase inhibitors (eg, ibrutinib), phosphatidylinositol-3 kinase (PI3K) inhibitors (eg, idelalisib), BCL-2 family anti-apoptotic protein inhibitors (eg, , and next-generation monoclonal antibodies. 3 The majority of the novel anti-CD20 mAbs are Type I antibodies, including ofatumumab, which has been approved for use in fludarabine and alemtuzumab refractory CLL and was recently approved for frontline therapy in combination with chlorambucil. 13 Obinutuzumab is the only glycoengineered Type II mAb that has been evaluated clinically, which consequently has led to its recent Food and Drug Administration approval based on its superior results as frontline therapy. 14 The objective of this review is to illustrate the role of obinutuzumab in the treatment of therapy-naive CLL patients.
Pharmacology
CD20 is a cell surface molecule expressed in high levels in B cells. CD20 plays a role in the generation of T-cellindependent antibody response and regulates early steps of B-lymphocyte activation. Most B cells express CD20 on their surface, and the antigen is not shed or internalized in resting cells. Moreover, CD20 is not found on stem cells, precursor cells, or plasma cells, which makes it an ideal therapeutic target for B-cell malignancies. 15 
Type I/II antibody classification
The mechanisms of cellular cytotoxicity of Type I and Type II antibodies differ, and the exact mechanisms of each are controversial. Type I antibodies cause translocation of CD20 into lipid rafts (insoluble lipid domains) within the cell membrane, which results in strong complement (C1q) binding in vitro and efficient induction of complement-dependent cellular cytotoxicity (CDC). 16 The in vivo mechanism of Type I antibodies is controversial, but most studies suggest CDC activity [17] [18] [19] [20] [21] [22] [23] and antibody-dependent cellular cytotoxicity. 24, 25 Type II antibodies do not function via stabilization of lipid rafts, but rather, CD20 remains distributed across the B-cell surface and in vitro complement binding is weaker. As a result, obinutuzumab is 10-to 1,000-fold less potent than rituximab and ofatumumab at CDC. 26 However, based on the unique binding of Type II antibodies to CD20 epitopes, these mAbs more potently evoke direct cell death (DCD) compared to Type I mAbs. 27 Obinutuzumab has a modified elbow hinge region that leads to superior antigen binding and increased DCD. 27, 28 The glycoengineered Fc region also enhances the affinity (50-fold higher than nonengineered antibodies) for the FcγRIIIa (CD16) on immune effector cells, which leads to higher antibody-dependent cellular cytotoxicity activity that is 100-fold greater than rituximab and ofatumumab in preclinical studies. 26, [28] [29] [30] Additional in vitro studies demonstrate that obinutuzumab can activate neutrophils via FcγRIIIb (CD16B) and mediate phagocytosis better than rituximab. 31 Interestingly, several studies have shown that DCD induction by obinutuzumab occurs through a nonapoptotic process involving actin rearrangement, lysosome rupture, and generation of reactive oxygen species. 32, 33 Further understanding of this cell death mechanism is warranted since other studies illustrated mitochondrial involvement via caspase activity during obinutuzumab-induced cell death, a mechanism that did not involve reactive oxygen species. Regardless, it appears that the mechanisms of DCD of obinutuzumab is unique and distinctive from Type I mAbs and given that this activity does not depend on classical apoptotic pathways, it is suggested that obinutuzumab may be able to overcome apoptosis resistance mechanisms that are key to chemotherapy resistance. 26, 32, 34 Several putative mechanisms of rituximab resistance have been summarized in a prior review 35 and include CD20-mAb complex internalization or CD20 "shaving" that involves removal of rituximab/CD20 complexes from the B-cell surface via monocytes through a mechanism known as trogocytosis, leading to a reduced mAb half-life. [36] [37] [38] Type II mAbs do not induce CD20 internalization and thus can avoid this resistance strategy. Additional resistance mechanisms to rituximab include aberrant lipid raft composition of malignant B cells, 35 
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Obinutuzumab in the treatment of therapy-naive CLL patients proteins, 43 and reduction of CD20 expression following rituximab treatment. 44 Obinutuzumab is less affected by most of these resistance mechanisms, which may explain its increased potency. 35 
Pharmacokinetics
Pharmacokinetic data were analyzed in Phase I/II studies of obinutuzumab monotherapy and are also summarized in previous reviews. 35, 45 The elimination of obinutuzumab is complex and involves both a linear clearance and timedependent (nonlinear) clearance pathway. Based on population pharmacokinetic studies, the steady-state mean volume of distribution is approximately 3.8 L with an elimination half-life of 28 days and terminal clearance of 0.09 L/day. The elimination of obinutuzumab is likely target-mediated drug disposition. 46, 47 The relationship between pharmacokinetics and clinical response and/or tumor burden could not be concluded based on Phase I/II trials due to small population numbers. However, the Phase II study reported disappointing response rates in patients with higher tumor burden, suggesting that dosing schedules may be very important for obinutuzumab's efficacy. 48 Of note, recovery of B-cell count occurred in the majority of patients 24 months following their last dose of obinutuzumab. 48 Insufficient data exist on the effect of severe renal or hepatic impairment; however, no modifications are expected since monoclonal antibodies are metabolized via ubiquitous proteolytic enzymes. 46, 47 Further pharmacokinetic data are anticipated with the currently ongoing GAGE study, which is comparing the efficacy and safety of obinutuzumab dosed intravenously at 1,000 mg vs 2,000 mg. Preliminary results at week 32 describe overall response rates (ORRs) of 48.8% and 66.7% (P=0.0779) among patients receiving 1,000 mg (n=41) and 2,000 mg intravenous infusions (n=39), respectively. Serious adverse events occurred in 20% (1,000 mg) vs 18.4% (2,000 mg) of patients with none leading to discontinuation of therapy.
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Preclinical studies
Whole-blood assays demonstrate that obinutuzumab results in superior B-cell depletion in comparison to rituximab in both healthy and leukemic B cells. 22, 26, 28, 31, 50 The efficacy of obinutuzumab was also confirmed in animal models. In cynomolgus monkeys, both obinutuzumab and rituximab depleted B cells from peripheral blood; however, depletion of B cells in the spleen and lymph nodes was greater with obinutuzumab. 28 Obinutuzumab was also superior in the treatment of NHL in a variety of xenograft models even when compared to high doses of rituximab reaching up to 30 mg/kg. 21, 26, 28 Obinutuzumab was also superior to both rituximab and ofatumumab when investigated as a second-line therapy in a SUDHL-4 DLBCL mouse model after prolonged treatment with rituximab to create a model of rituximab resistance. 26, 28 Combination studies with cyclophosphamide, 21 bendamustine, fludarabine, chlorambucil, or cyclophosphamide/vincristine demonstrated that obinutuzumab chemoimmunotherapy was more efficacious than therapy including rituximab in those xenograft models. Obinutuzumab monotherapy was even as effective as rituximab combinations with bendamustine or fludarabine in some models. 51 
Clinical studies Phase i/ii
Phase I trials of obinutuzumab monotherapy have been conducted in patients with CLL and NHL. This review focuses on obinutuzumab treatment in CLL, summarized in Table 1 . Additional studies have been discussed in detail in prior reviews. 35, 45, 52 An initial Phase I study evaluated the safety and clinical activity of escalating doses of obinutuzumab monotherapy over eight 21-day cycles with doses ranging from 50/100 mg to 1,200/2,000 mg intravenous in patients with relapsed/refractory NHL. No dose-limiting toxicities were detected with the majority of AEs being infusion-related reactions (IRRs) and hematologic toxicities. Most AEs were grade 1 or 2 (86%) with 33% grade 3 or 4 events. IRRs were the most frequent AE, mostly isolated to first infusions and 98% were grade 1 or 2 reactions. Obinutuzumab achieved a best overall response of 43% with five CRs and four partial responses (PRs), 53 in this heavily pretreated population. A subsequent Phase I study also including patients with relapsed/refractory NHL evaluated obinutuzumab induction monotherapy at doses of 200-2,000 mg intravenously weekly for 4 weeks, followed by 2 years of maintenance therapy in responders. Again, no dose-limiting toxicities were noted. The most common AE was IRR (73% all grades, 18% grade 3/4), all related to first infusion, with only one IRR leading to treatment discontinuation due to hypoxia. Other grade 3-4 AEs included neutropenia, headache, and infection. At the end of induction, 5 (23%) patients had PR and 12 (54%) had stable disease with 8 patients (36%) proceeding to maintenance therapy. The best overall response was 32% which included one CR and six PRs. 54 A separate portion of the Phase I/II GAUGUIN study specifically examined obinutuzumab monotherapy in relapsed/refractory CLL. In the Phase I study, dose 
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Cerquozzi and Owen escalation of obinutuzumab (400-1,200 mg) was provided to 13 relapsed/refractory CLL patients, and 20 additional CLL patients received a fixed dose of 1,000 mg in the Phase II study. In both studies, all patients experienced $1 AE, most commonly IRR, neutropenia, lymphopenia, and thrombocytopenia with the majority of AEs (82%) being grade 1-2. Grade 4 AEs included neutropenia (15%-38%), febrile neutropenia (5%-8%), and thrombocytopenia (0%-15%). At study completion, several PRs were observed with an overall end-of-treatment response of 62% (Phase I) and 15% (Phase II) and a best overall response of 62% (Phase I) and 30% (Phase II). The median PFS was 10.7 months with a median duration of response of 8.9 months. Based on these initial studies, obinutuzumab proved to be a safe and welltolerated therapy for relapsed/refractory CLL with modest activity as monotherapy, warranting further investigation as chemoimmunotherapy. 48 The reasons for the less impressive response rates in the Phase II component of the study were predicted by the authors to relate to higher tumor burden in these patients. They hypothesized that higher doses of obinutuzumab might be required for such patients, an approach that is being investigated in the currently enrolling GAGE study. Results of the GAGE study were recently presented at the American Society of Oncology Annual Meeting and demonstrated high rates of CR/CRi in patients receiving the higher 2,000-mg dose of obinutuzumab (compared to those receiving the standard dose of 1,000 mg). The subjects in the study were previously untreated patients with CLL, with the arms well balanced between the two cohorts. An ORR of 67% was observed in the higher dose group compared to 49% in the standard dose group with marked differences in CR/ CRi rates (21% vs 5%, respectively). These results suggest that single-agent obinutuzumab can have marked efficacy even in the absence of combination with chemotherapy. 49 The GALTON Phase Ib study addressed the safety of obinutuzumab combination therapy, using investigator choice backbone chemotherapy with either fludarabine and cyclophosphamide (FC) or Bendamustine (B) for previously untreated CLL patients. Adverse events were not dose limiting, with the most common being IRRs that occurred with the first infusion. IRRs (all grades) were very common (∼90% of patients) and occurred in both arms with slightly higher rates in the obinutuzumab-FC arm, in which 29% were grade 3-4. Additional grade 3-4 AEs were neutropenia and infection. The ORR was 62% including two CR in the Biologics: Targets and Therapy 2015:9 submit your manuscript | www.dovepress.com
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Obinutuzumab in the treatment of therapy-naive CLL patients obinutuzumab-FC arm vs 90% ORR in the obinutuzumab-B arm, which included four CRs. This study confirmed that obinutuzumab could be safely administered with standard chemotherapeutics for the treatment of previously untreated CLL patients. 55 
Phase iii
CLL is predominantly a disease of the elderly, but until recently, older patients were grossly underrepresented in CLL clinical trials. The first completed Phase III study of obinutuzumab was conducted by the German CLL Study Group and focused on this older, frailer CLL population. A previous study by the same German CLL Study Group in a similar elderly CLL population had established chlorambucil (CLB) as an appropriate firstline therapy for older CLL patients. 56 The CLL11 Phase III trial was a multicenter, randomized controlled, open-label study that enrolled 781 previously untreated CLL patients with comorbidities. This was a threearm, two-stage trial that assessed whether the addition of either rituximab or obinutuzumab could enhance the efficacy of chlorambucil monotherapy in this CLL population. The median age of the patients was 73 years with a median CIRS score of 8, this being a very representative CLL population. Eighty-two percent of patients had more than three comorbidities and 27% had one or more coexisting conditions that were not well controlled at baseline. 14 Patients were randomized to receive obinutuzumab plus chlorambucil (G-CLB) (stage 1, n=238; stage 2, n=333) or rituximab plus chlorambucil (R-CLB) (stage 1, n=233; stage 2, n=330) or chlorambucil alone (CLB) (stage 1, n=118) for a total of six 28-day cycles. Chlorambucil was administered orally at 0.5 mg/kg on days 1 and 15 of each cycle. Obinutuzumab was administered intravenously at 1,000 mg on days 1, 8, and 15 of cycle 1 and day 1 of cycles 2-6 while rituximab was given at a dose of 375 mg/m 2 on day 1 of cycle 1 and 500 mg/m 2 on day 1 of cycles 2-6. Due to IRRs reported in the first 89% of patients receiving obinutuzumab, the first infusion was subsequently modified to be given as 100 mg on day 1 then 900 mg on day 2 of cycle 1. This protocol amendment was in effect for the final 45 patients in the obinutuzumab arm of the study and was considered too small a population to make firm conclusions as to the effectiveness of the strategy in reducing IRRs. 14 The primary endpoint of the study was PFS with secondary endpoints including response rates, OS, and minimal residual disease (MRD). A summary of results comparing chemoimmunotherapy with both anti-CD20 mAbs is shown in 14 OS benefits were achieved with G-CLB compared to CLB (9% death rate vs 20%, HR 0.41, P=0.002), but no significant OS benefit was noted for R-CLB compared to CLB or with G-CLB compared to R-CLB. MRD rates were markedly increased in the G-CLB arm compared to R-CLB (19.5% vs 2.6% MRD in BM, 37.7% vs 3.3% MRD in blood, P,0.001).
14 MRD has been found to be predictive of both PFS and OS based on the results in younger, fitter patients. 57, 58 No MRD negativity was achieved using chlorambucil alone. 14 The most frequent AEs in the G-CLB arm included IRRs and infections. Grade 3-4 IRRs were higher in the G-CLB arm compared to R-CLB (20% vs 4%) during the first infusion with no further grade 3-4 IRRs in subsequent cycles and no deaths related to IRRs. Most infections were low grade, with grade 3-5 infections ranging from 11% to 14% and not differing among treatment groups. 
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Obinutuzumab chemoimmunotherapy also resulted in higher levels of grade 3 or higher cytopenias, particularly, thrombocytopenia, and again, this was most notable with the first cycle. Likewise, tumor lysis syndrome was higher with G-CLB vs R-CLB; however, this led to only one treatment discontinuation and no more deaths were related to adverse events for G-CLB than the other groups.
14
Safety and tolerability
Overall, obinutuzumab is a tolerable mAb with a toxicity profile similar to rituximab, an agent commonly used in the treatment of CLL. In the CLL11 study, IRRs were the most common AEs and led to treatment discontinuation in 7% of patients in the G-CLB arm compared to ,1% in the R-CLB arm. However, at completion of the study, it is now clear that IRRs are exceedingly rare after cycle 1. The higher discontinuation rate in the CLL11 study compared to the Phase I/II studies of obinutuzumab is likely related from the older, frailer population and the fact that these patients were previously untreated and would have been considered to have alternate treatment options available to them. Preliminary safety data from the Phase IIIb GREEN study of obinutuzumab alone or in combination with bendamustine, fludarabine plus cyclophosphamide, or chlorambucil showed a similar safety profile from previous reports with a lower proportion of grade $3 IRRs. 59 It has been postulated that IRRs may be related to cytokines released from malignant B cells as they are targeted by the anti-CD20 mAb, explaining a higher frequency of IRRs with obinutuzumab compared to rituximab given the higher potency of this Type II mAb and its resultant rapid B-cell depletion. However, direct correlation between cytokine levels and IRR incidence and/or severity has not been proven. 48, 60 No clear predictive factors for severe IRRs were elicited in the CLL11 study, making it necessary to anticipate such reactions in all patients. An exploratory analysis of CLL11 patients was conducted. IRR risk factors were identified including treatment received (GA101.R) being the greatest risk along with other parameters such as tumor burden, target antigen expression, and FCγR gene polymorphisms. 61 The hypothesis is that the glycoengineering of the antibody and the stronger activation of innate immune cells (via FCγR) may contribute to the increase in IRRs noted with obinutuzumab compared to rituximab. Overall, strategies were implemented in CLL11 to reduce IRR rates and severity including dividing the dose of the first infusion as well as slowing infusion rates and mandating premedications. 14, 46 Given the small number of patients included in the CLL11 study after these changes, the authors did not have the power to report if the changes ameliorated the incidence of IRRs.
Additional AEs of obinutuzumab include cytopenias, namely, neutropenia and thrombocytopenia, as well as infections. Less than 15% of grade 3-5 infections occurred in CLL11 with no significant difference between the three treatment groups, despite a higher incidence of grade 3-4 neutropenia in the G-CLB arm.
14 Though no unusual infections were reported in the CLL11 study, a recent case of an invasive fungal infection was reported using obinutuzumab monotherapy in a heavily pretreated refractory CLL patient, 62 and cases of progressive multifocal leukoencephalopathy and hepatitis B reactivation have also been reported similar to other novel anti-CD20 mAbs after more patients have been exposed. 47 The lack of detection of unusual or invasive infections in the CLL11 study relates to the patient population as multiply pretreated patients and refractory CLL patients have significantly higher risks of invasive infections than previously untreated patients. To date, no unusual AEs have been reported with obinutuzumab, and there were no differences between the obinutuzumab and rituximab chemoimmunotherapy arms in terms of the development of $1 malignant, benign, or unspecified neoplasm 6 months postinitiation of therapy.
14 Longer follow-up is required to screen for potential rare late AEs. There is a black box warning for the use of obinutuzumab in patients with a previous history of hepatitis B infection, given the risk of hepatitis B reactivation. This risk exists in patients with detectable hepatitis B surface antigen and also in patients without detectable surface antigen but with detectable hepatitis B core antibody, which is evidence of past infection. Reactivation of hepatitis B can occur during therapy or in the several months preceding therapy, and so careful attention should be paid even after discontinuation of drug, and all patients at risk of reactivation should be treated with antiviral agents to prevent this complication. The diagnosis of progressive multifocal leukoencephalopathy is much more difficult than hepatitis reactivation, and it is also more difficult to identify at-risk patients. Any patient who experiences significant neurological deterioration following treatment with obinutuzumab should be assessed by a neurologist and all immune-suppressing agents should be discontinued.
In the CLL11 study, based on the global health status scale, quality of life did not deteriorate during either rituximab or obinutuzumab therapy compared to therapy with chlorambucil alone.
14 This lack of significant toxicity with improved efficacy over rituximab suggests that obinutuzumab is an appropriate therapy in CLL patients with comorbidities.
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Conclusion
Despite the success of rituximab, CLL remains an incurable disease with chemoimmunotherapy and there has been continued interest in the development of better anti-CD20 mAbs and other novel therapies for CLL. The majority of CLL patients are not eligible for fludarabine plus cyclophosphamide therapy because of advanced age and/or comorbidities. 3, 63 Obinutuzumab is a highly effective and well-tolerated glycoengineered Type II anti-CD20 mAb. In preclinical studies, it has shown improved antibody-dependent cellular cytotoxicity and DCD with lower CDC compared to Type I antibodies. Obinutuzumab has moderate efficacy as monotherapy in early phase studies but impressive efficacy as chemoimmunotherapy in previously untreated CLL patients with comorbidities. Results of the CLL11 study illustrate that obinutuzumab-CLB improves OS when compared to CLB monotherapy, the first demonstration of an OS advantage in previously untreated, less fit patients. Obinutuzumab-CLB also results in a clinically meaningful advantage in PFS compared to both CLB monotherapy and R-CLB therapy. Importantly, obinutuzumab's safety profile is similar to rituximab's, with the most frequent AE being IRRs during the first infusion, which can be managed and do not recur in subsequent cycles. 14 Ongoing studies in both the frontline and salvage setting for CLL are anticipated and outlined in Table 3 . A Phase IIIb multicenter trial will evaluate obinutuzumab monotherapy vs obinutuzumab chemoimmunotherapy with FC, B, or CLB for both untreated and relapsed/refractory CLL (GREEN Study: NCT 01905943). Additionally, the safety and efficacy of obinutuzumab in combination with the Bcl-2 inhibitor, ABT-199 (NCT 01685892), will be evaluated for both previously untreated and relapsed/refractory CLL patients 
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and an additional study will compare this to obinutuzumab/ chlorambucil chemoimmunotherapy (NCT02242942). Overall, the challenge with the multitude of newly available therapies in CLL is knowing how to offer the safest and most effective combination therapy. New CLL treatment strategies are being proposed, which include a sequential triple-therapy (triple "T") protocol with aims of offering tailored, targeted, and total eradication of MRD. For such treatment, monoclonal antibodies like obinutuzumab with its potent effect on MRD are hypothesized to be integral parts of both induction therapy and MRD-tailored maintenance therapy. 64, 65 Current evidence supports the use of obinutuzumab in chemoimmunotherapy for previously untreated CLL patients with comorbidities. Further evaluation of this mAb is warranted especially in the context of the expanding array of novel agents. The potential for combination of obinutuzumab with other novel agents, such as the kinases or Bcl-2 inhibitors, provides another avenue of research that may further improve response rates and remissions for CLL patients.
